Abstract An improved knowledge of the hydrology of coastal dune systems is desirable for 1 successful management of their diverse ecology under a changing climate. As a near-pristine 2 coastal dune spit system, Braunton Burrows (SW England) is an ideal location for the study 3 of the natural processes governing recharge to the dune groundwater system and the 4 evolution of its water quality. Whereas previous investigations have tended to focus on inter-5 dune slacks, this study has also given attention to infiltration through the high dunes. Cores 6 were taken through dunes and the resulting sand samples processed to provide information on 7 grain size distribution and porewater chemistry. Groundwater samples were obtained from 8 beneath dunes and slacks. A variety of geochemical techniques were applied including 9 hydrochemistry, stable isotopes and residence time indicators. The unsaturated zone profiles 10 indicate the existence of piston flow recharge with an infiltration rate of 0.75-1 m/yr, 11 although faster rates probably also occur locally. Groundwater beneath the high dunes gave 12 ages in the range 13-16 yr, compared to the dune slack groundwater ages of 5-7 yr, and an 13 age of 22 yr for groundwater from the underlying mudstone aquifer. The chemistry of waters 14 in both unsaturated and saturated zones is dominated by Ca and HCO 3 , supplemented by 15 variable amounts of other ions derived from marine aerosols and limited reaction with sand 16 grains and their coatings. The main chemical evolution of the porewaters occurs rapidly 17 through the mobilisation of surface salt crusts and dissolution of shell carbonate. This 18 situation changes little in the underlying groundwater, though an evolution towards reducing 19 conditions increases the concentrations of redox-sensitive species such as Fe and Mn. The 20 rapid chemical evolution of the infiltrating water means that its composition will respond 21 quickly to changes in the supply of shell material and/or marine salts, which are possible 22 consequences of climate change. However, the residence time measurements suggest the 23 dune aquifer has a relatively long turnover time which will to some extent buffer such 24 changes. The results of the present study should be transferable to natural dune systems in 25 similar coastal situations. 26
INTRODUCTION 29 30
Within Europe, coastal dune systems are widely distributed along the Atlantic, 31
Mediterranean, North Sea and Baltic littorals (Doody 2008) . They include areas of open 32 taken at 0.1 m intervals from the D2 and D4 cores were transferred into airtight glass vials for 131 δ 2 H analysis of the sand moisture. All cored sections from D2, D3, and D4 were then sliced 132 into 0.2 m intervals from which about 40 mm was deposited into pre-weighed sealable 133 containers to measure gravimetric moisture content and the remainder transferred to sealed 134 plastic bags and refrigerated for subsequent centrifugation in the laboratory. Dipwells D3, D4 135 and D5 penetrated the water table, below which coring ceased to be effective. Piezometers 136 were completed and cased to below water level, where possible, with 1 m of permeable 137 casing at the bottom of the hole. 138
139
Owing to a problem of sand fall-in during drilling which affected the top sample of many of 140 the core runs, several samples from each piezometer had to be discarded, leaving a number of 141 small gaps in each of the resulting profiles (Section 4.3). 142
143
The sites were chosen to minimize the influence of disturbance by trees and their roots. 144
Details of vegetation at each site have been recorded (Table 1) The bagged sands were refrigerated and centrifuged soon after returning from the field. Sub-152 samples were transferred to centrifuge buckets made from inert material and centrifuged at 153 14,000 rpm for 25 minutes. The drained waters were passed through 0.45 µm filters and split 154 between two HDPE bottles per sample. One of each pair of bottles was acidified to 1% with 155
Aristar nitric acid for determination of cations. In addition, aliquots were taken for standard 156 Owing to ingress of fine silty sand during an initial attempt to sample groundwater standing 160 in D3, D4, and D5 the piezometers were re-drilled to a depth of 9.2 m (Table 1) and 161 completed with a 1 m, 36 mm diameter screen wrapped in a geotextile filter membrane 162 section at the bottom of the piezometer. This enabled low turbidity samples to be obtained 163 from D new 4 and D new 5, but the water column in D new 3 was too small to sample. 164
All piezometer groundwater samples, beneath both dune slack and high dune, were pumped 165 using a portable peristaltic pump and where feasible pH, Eh, and dissolved oxygen were 166 determined by electrodes in a flow-through cell. SEC and temperature (determined by 167 thermistor thermometer) were also measured. Sampling commenced when purging was 168 completed as indicated by stable field measurements, which sometimes involved emptying 169 the piezometer and allowing it to refill before sampling. Alkalinity as HCO 3 was measured on 170 site with a digital titrator. The bedrock borehole was artesian during sampling and was 171 sampled using the same methods as the piezometers. 172
173
The groundwaters from D new 4 and D new 5 along with shallow slack dipwells 1, 2 and 3, PR2 174 and the underlying Pilton Mudstone formation were sampled for major and minor ion 175 chemistry, stable isotopes and sulphur hexafluoride (SF 6 ). 176
177
Samples of groundwater were collected in pairs of HDPE bottles, one of which was acidified 178 to 1% with nitric acid, before refrigeration and transfer to the laboratory. Unfiltered 179 groundwater samples were collected for δ (sulphur hexafluoride) measurement were collected by the displacement method into glass 181 bottles contained within metal cans to minimise atmospheric contamination (Oster 1994) . 182
183
Grain size analysis was carried out on a Mastersizer 2000, which uses laser diffraction to 184 measure particle sizes. Selected grain samples were analysed by SEM. Determination of 185 major and minor ions was carried out using ICP-MS for cations and ion chromatography for 186 anions. Ionic balances were found to be within ±10%, a relatively wide error band but most 187 likely due to the dilutions necessary for the analysis of these low-volume samples. Stable 188 isotopes were measured by isotope ratio mass spectrometry following offline preparation by 189 The gravimetric porewater profile in the unsaturated zones in the high dune (Fig. 4) shows 215 that dipwell D2 has a moisture content in the range 3-9% while D3 has 5-12%. The 216 unsaturated zone porewater profile for D4 is 5-11% to within ~0.5 m above the standing 217 water level, below which moisture content rises to between 21-24 % through the capillary 218 fringe. 219 220
4.3
Unsaturated zone hydrochemistry and isotopes 221
222
The major ion chemistry of the dune porewaters (Table 2) D2 and D4 suggests that it would take 6-7.5 yr and 5-6 yr for infiltration to reach the water 289 table at D4 and D5 respectively. 290 291 However, the moisture infiltration rate of 0.75 to 1 m/yr suggested by the δ 2 H and Cl profiles 292 from D2 and D4 should also be considered in the context of the moisture content data (Fig. 4)  293 and local meteorological data. The median moisture contents of D2 and D4 are ~6% and 8% 294 by weight respectively, implying volumetric water contents of ~10% and 13% based on a dry 295 bulk density for dune sand of ~1600 kg/m 3 (Ritsema and Dekker, 1994 Calculation System) Square 165 for the same period gives an average effective rainfall of 302 45%, implying an effective rainfall of ~400 mm/yr on the dunes, nearly all of which should 303 theoretically infiltrate owing to the very limited potential for runoff. The calculated profile 304 water contents would then amount to some 25-33% of the effective rainfall/recharge. While 305 there is some uncertainty over the true value of actual evapotranspiration for the dunes, it is 306 unlikely to be significantly different from the MORECS average. The disparity may be 307 explained by preferential flow, which can include macropore flow but also (and probably 308 more significant for sand) 'unstable wetting': for example a homogeneous dune sand 309 lysimeter experiment by Hendrickx and Dekker (1994) found that at a depth of ~0.5 m, the 310 sand volume was only patchily wetted after 4 months of rainfall totalling 400 mm. The 311 existence of such 'fingering' in natural dune sands seems likely but it would take many more 312 than the three profiles reported here to characterise satisfactorily. groundwater is a mixture of waters from all the flow lines reaching the discharge point, so the 329 ages given in Table 4 should be regarded as mean residence times (MRTs). 330
331
The results show that groundwater below the sampled high dunes had MRTs of ~13 and 332 ~16 yr, and below the dune slacks of ~6 yr. The greater thickness of the unsaturated zone 333 beneath the high dunes seems one obvious reason. There is, however, some uncertainty about 334 the lag on the SF 6 'clock' during transit through the unsaturated zone (Darling et al. 2012) , 335 therefore, some mixing with older stored waters could also be contributing. Simple binary 336 groundwater age mixing can often be detected by plotting SF 6 versus CFC 337 (chlorofluorocarbon) concentrations. However, owing to the reducing conditions in most of 338 the groundwaters, CFC analyses were not undertaken because of probable degradation effects 339 (Sebol et al. 2007) . 340
341
The MRTs in the dune system can be compared to that of the Pilton Mudstone aquifer as 342 sampled at the Saunton Sands Golf Club (Bedrock BH, Fig. 1 ), which gives an MRT of 343 ~22 yr. As a locally confined aquifer this would be expected to contain older water than the 344 overlying dune system. While the calculated age is not much greater than those of the dunes 345 water, little is known of the turnover of the Pilton Mudstone aquifer or its excess air content 346 (see 4.4 above), which if higher than estimated would result in an older age. 347 348
5.2
Evolution of water quality 349 350
Unsaturated zone 351 352
The chemistry of the unsaturated zone porewaters (Table 2) The carbonate system is more consistent. The Mg/Ca molar ratios found in the porewaters of 363 piezometers D2, D3 and D4 increase with depth ( Fig. 8) 
reflecting increasing Mg dissolution. 364
The near-constant Sr/Ca ratios (Fig. 9) suggest that incongruent dissolution of calcite is not 365 the cause and that the increased Mg is coming from another source, probably the Mg-rich 366 shell debris. 367
Groundwater 368 369
The groundwaters in the shallow sand aquifer continue to show the influence of mineralogy 370 and marine aerosols. The carbonate system again dominates the chemistry seen in the 371 groundwaters, most markedly at the slacks BB1, BB2 and PR2. These groundwaters are more 372 carbonate-dominated than the porewaters. Increasing influence of marine aerosols as Na and 373
Cl is seen below the high dunes and slack BB3 putting them closer within the main group of 374 porewaters (table 2). Dune slack BB3 is seen to behave slightly differently to the others 375 slacks; its higher marine aerosol signal may be due to its proximity to the sea. 376
377
The Mg/Ca molar ratios for the D4 and D5 groundwaters (Fig. 8) highlight their consistency 378 with the porewaters as they plot as a continuation of the porewater series. Mg is seen to 379 increase with depth as with the porewaters. The Sr/Ca ratios of the groundwaters (Fig. 9) 
